Background: The natural polyether ionophorous antibiotics are used for the treatment of coccidiosis in poultry and ruminants. They are effective agents against infections caused by Gram-positive microorganisms. On the other hand, it was found that some of these compounds selectively bind lead(II) ions in in vivo experiments, despite so far no Pb(II)-containing compounds of defined composition have been isolated and characterized. To assess the potential of polyether ionophores as possible antidotes in the agriculture, a detailed study on their in vitro complexation with toxic metal ions is required. In the present paper we report for the first time the preparation and the structure elucidation of salinomycin complexes with ions of cadmium(II) and lead(II). Results: New metal(II) complexes of the polyether ionophorous antibiotic salinomycin with Cd(II) and Pb(II) ions were prepared and structurally characterized by IR, FAB-MS and NMR techniques. The spectroscopic information and elemental analysis data reveal that sodium salinomycin (SalNa) undergoes a reaction with heavy metal(II) ions to form [Cd(Sal) 2 (H 2 O) 2 ] (1) and [Pb(Sal)(NO 3 )] (2), respectively. Abstraction of sodium ions from the cavity of the antibiotic is occurring during the complexation reaction. Salinomycin coordinates with cadmium(II) ions as a bidentate monoanionic ligand through the deprotonated carboxylic moiety and one of the hydroxyl groups to yield 1. Two salinomycin anions occupy the equatorial plane of the Cd(II) center, while two water molecules take the axial positions of the inner coordination sphere of the metal(II) cation. Complex 2 consists of monoanionic salinomycin acting in polydentate coordination mode in a molar ratio of 1: 1 to the metal ion with one nitrate ion for charge compensation. Conclusion: The formation of the salinomycin heavy metal(II) complexes indicates a possible antidote activity of the ligand in case of chronic/acute intoxications likely to occur in the stock farming.
Background
The natural polyether ionophorous antibiotics produced by Streptomyces spp. are used for the treatment of coccidiosis in poultry (chickens, turkeys and quail) and ruminants (cattle, sheep and goats). They are agents controlling ketosis and bloat in cattle and are applied as growth promoter feed additives in cattle and sheep. The polyether ionophores are mainly effective against Grampositive bacteria, interfering with ion flux across bacterial membranes thus causing reallocation of bacterial energy resources to maintain cellular pH and ion balance. Effects on feed conversion efficiency arise from the ability of antibiotics to shift rumen fermentation towards the more energetically efficient propionate pathway, to reduce methane production and to increase nitrogen retention by reducing dietary protein deamination and urinary ammonia excretion [1] [2] [3] [4] [5] [6] [7] [8] [9] .
From chemical point of view these compounds are polyether derivatives of monocarboxylic acids and represent potential ligands able to bind metal cations due to the presence of oxygen atoms of various types (carboxylic, ether, hydroxyl) in the antibiotic molecule. Monensin, salinomycin, narasin etc. are best known as monovalent polyether ionophores for their affinity to complex with alkali ions, Ag + and Tl + [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . Recently we have shown that they react also with metal(II) ions to form complexes of different composition and of various coordination mode of the ligands [23] [24] [25] [26] [27] [28] . Due to their enhanced cytotoxicity against Gram-positive microorganisms as compared to the non-coordinated compounds, the complexes of monensin and salinomycin with biometal(II) ions could be discussed as potential antibacterial agents [23] [24] [25] [26] [27] . These new compounds (especially the salinomycin complexes) exert also a pronounced antitumor activity against cell lines established from various malignancies (Ivanova J, Pantcheva IN, Zhorova R, Momekov G, Simova S, Stoyanova R, Zhecheva E, Ivanova S, Mitewa M: Synthesis, spectral properties, antibacterial and antitumor activity of salinomycin complexes with Co(II), Ni(II), Cu(II) and Zn(II) transition metal ions, unpublished), [29, 30] . On the other hand, it was found that some polyether ionophores as monensin, ionomycin and nigericin selectively bind lead(II) although the Pb(II)-containing complex species were not isolated and characterized [31] [32] [33] . It has been shown that monensin significantly improves the effectiveness of the traditional antidote DMSA (dimercaptosuccinic acid) in reducing Pb(II) concentration in brain and bones of rats, intoxicated with a Pb(II) salt [34] . We recently reported that monensic acid (MonH) reacts with Cd(II) and Hg(II) ions to form stable complex compounds with different coordination mode of the ligand [28] . Our studies with an animal model (ICR male mice) proved the ability of monensin to act as an efficient antidote in cases of subchronic cadmium intoxication. In contrast to DMSA and EDTA, monensin significantly reduces cadmium(II) concentration in mice organs, subjected to subchronic intoxication, when applied as tetraethyl ammonium salt, without affecting the homeostasis of Cu(II) and Zn(II) ions (Ivanova J, Gluhcheva Y, Kamenova K, Ganeva S, Mitewa M: Tetraethyl ammonium salt of monensic acid decreases cadmium concentration in organs of mice subjected to subchronic cadmium intoxication, unpublished). These findings prove the necessity of an extensive study on in vitro complexation of polyether ionophorous antibiotics with toxic metal ions. A preliminary assessment of their potential as chelating agents will considerably facilitate the treatment of intoxication with toxic metal ions. To the best of our knowledge until now no information on the ability of salinomycin to form complexes with Cd(II), Pb(II) and Hg(II) has been published. In the present paper we report for the first time the preparation and the structure characterization of salinomycin complexes with ions of cadmium(II) and lead(II). As a starting material the commercially available sodium form of salinomycin (SalNa) was used. Extensive NMR data in CDCl 3 , DMSO-d 6 and in isotropic bicelles have been published for this compound [35] [36] [37] . The new complexes isolated are analyzed and characterized by IR, FAB-MS, NMR spectroscopies and elemental analysis data.
Results and Discussion
Complexation of salinomycin (Scheme 1) with ions of Cd(II) and Pb(II) proceeds at mild conditions in the absence of additives and at metal-to-ligand molar ratio = 2: 1. The isolation and characterization of the new compounds confirm the ability of polyether ionophores to react with toxic metal(II) cations and to produce mononuclear complex species. Contrary to sodium monensin (MonNa), which forms heterometallic complexes of composition [M(MonNa) 2 Cl 2 ] (M = Co, Mn, Cu) [23, 25] , sodium salinomycin (SalNa) produces only homometalic complexes [M(Sal) 2 Despite the use of different techniques (slow evaporation of single solvents; slow evaporation of multi solvent systems, slow diffusion method) our efforts to grow crystals from the new compounds were not successful. Only plate-like crystals were obtained which were not appropriate for a refinement of the structures of the new complexes by X-ray diffraction method. This is not surprising since literature data indicate that in contrast to other polyether ionophorous antibiotics, salinomycin and its metal derivatives do not easily crystallize. It should be pointed out that up to now only two crystal structures of salinomycin derivatives are published [11, 20] . In order to become acquainted with the structure of the new complexes of this compound with Cd (II) (1) and Pb(II) (2) ions their properties were studied by IR, NMR and FAB-MS spectroscopies.
Scheme 1 Structural formula and numbering sequence (carbon and oxygen atoms) of salinomycinic acid.
Due to the similar coordination mode of the ligand in its sodium and in the presently investigated metal forms, the main bands of the coordinated groups in the IR spectra of complexes 1 and 2 do not significantly change as compared to the spectrum of sodium salinomycin. The stretching vibrations of the hydroxyl groups in the spectra of 1 and 2 are both observed at 3380 cm -1 in analogy to the broad band at 3400-3300 cm -1 in the spectrum of SalNa. The two bands at 1550 cm -1 /1410 cm -1 (1) and at 1520 cm -1 /1410 cm -1 (2) for the deprotonated carboxylic function are assigned to the asymmetric and symmetric COO-vibrations, respectively. The new intensive band at 1300 cm -1 in the spectrum of the Pb(II) complex (2) can be attributed to the presence of nitrate ions originating from the initial lead(II) salt.
The structure of complexes 1 and 2 in solution is corroborated by the unambiguous assignment of their proton and carbon-13 NMR spectra. The data obtained are compared with those observed for acidic (SalH) and sodium (SalNa) forms of salinomycin. The 1 H-NMR chemical shifts are listed in the Experimental Section; 1 H-and 13 C-NMR spectra are placed in Figure 1 and 2, respectively. Chemical shifts for carbon-13 atoms are presented in Table 1 , following the numbering of salinomycin shown in Scheme 1.
Comparison of the proton and carbon-13 chemical shifts of the complexes with the data for SalH and SalNa confirm that both 1 and 2 remain intact in acetonitrile solution. Characteristic is the downfield 13 C shift by approx. 7 ppm of the deprotonated carboxylic carbon atom. The chemical shifts of most carbon atoms in the four compounds do not change significantly and are in a narrow range of ± 0.5 ppm. However, several observed down-and upfield shifts of 1 to 3 ppm in the spectra of 1-2 indicate that the new compounds possess slightly different conformations in solution when compared to both salinomycinic acid and its sodium complex.
The FAB-MS spectra confirm the presence of toxic metal(II) ions in the corresponding complexes 1 and 2 ( Figure 3 ). The spectrum of complex 1 contains eight On the basis of the spectroscopic studies and elemental analysis evidence, it can be concluded that sodium salinomycin reacts with ions of Cd(II) and Pb(II) to form coordination compounds with different composition and structure. It was found that cadmium(II) ion reacts with two carboxylate anions of salinomycin, extracting sodium ions from the cavity of the starting compound. Salinomycinate monoanions are bound to the metal(II) center in a bidentate coordination mode via terminal deprotonated carboxylic group and terminal hydroxyl group achieving head-to-tail cyclization. Most probably oxygens atoms O-1 (carboxylate) and O-28 (secondary hydroxyl) occupy the equatorial places in the inner coordination sphere of the metal(II) ion. Two axially located aqua molecules could stabilize the pseudocyclization of the complex. Cadmium(II) disalinomycinate (1) is expected to possess a distorted octahedral geometry similarly to the structures reported for the complexes of salinomycin with ions of Co(II), Ni(II), Cu In contrast to Cd(II), Pb(II) ions react with sodium salinomycin, extracting sodium ions from the ligand cavity, but forming complex 2 of a composition [Pb(Sal) (NO 3 )]. The extremely low solubility of this compound in water suggests that the nitrate ion is most probably coordinated in the inner coordination sphere of the metal center. The registered downfield shifts for C1, C2, The different complexation modes of the ligand to ions of Cd(II) and Pb(II) compared to the coordination of salinomycin to sodium ions is corroborated by the chemical shift differences for most carbon atoms in the corresponding 13 C-NMR spectra. The proposed structures of complexes 1 and 2, derived indirectly on the basis of their spectral properties are shown on Scheme 2a and Scheme 2b, respectively.
Conclusions
Metal(II) complexes of salinomycin with ions of Cd(II) and Pb(II) were prepared and characterized in gas phase (FAB-MS), in solution (NMR) and in solid state (IR). The data reveal that sodium salinomycin forms homometallic mononuclear complexes, where sodium ions are abstracted from the cavity of the ligand. Two monoanions of salinomycin occupy four places in the inner coordination sphere of the Cd(II) ions in the complex 1 with a composition [Cd(Sal) 2 
Experimental and Methods

Physical measurements
Elemental analysis data (C, H, O) were obtained with VarioEL V5.18.0 Elemental Analyzer (Germany). The metal content was determined by AAS on a Perkin Elmer 1100 B (USA) apparatus using stock standard solution (1000 mg/mL, Merck). Working reference solutions were prepared after suitable dilution.
IR spectral analysis (in a nujol mull) was performed on a Specord 75-IR (Carl-Zeiss, Germany). FAB-mass analysis data were registered using JEOL JMS-700 (JEOL, Japan).
1 H (600.13 MHz) and 13 C (150.92 MHz) NMR spectra were acquired on an AVANCE AV600 II+ NMR spectrometer (Bruker, Germany). All spectra were recorded in acetonitrile-d 3 at room temperature (293.0 ± 0.1 0 ). The residual methyl solvent signal was used as an internal standard for the 1 H (1.94 ppm) and 13 
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